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Abstract: We study the effects of Ag addition on thermal stability and thermophysical properties
of Ti-Zr-Ni icosahedral quasicrystals. The Ag addition results in increasing the coherence length
and thermal stability of the icosahedral phase (i-phase) of the as-cast Ti35.2Zr43.8Ni21 alloy, which are
maximized at around 4 at.% Ag addition. Differential scanning calorimetry (DSC) and electrostatic
levitation (ESL) experiments reveal that the addition suppresses the i-phase decomposition on heating
and cooling. We find that considerable amount of the i-phase remains in the samples processed by
radiational cooling in ESL as the Ag concentration increases. These results demonstrate that Ag
addition stabilizes the i-phase of the Ti35.2Zr43.8Ni21 alloy. No anomalous effect of Ag addition is
found on density and viscosity of the Ti35.2Zr43.8Ni21 liquid.

Keywords: Ag addition; icosahedral quasicrystals; thermal stability; thermophysical properties;
electrostatic levitation

1. Introduction

Small additions of elements onto matrix materials often have a dramatic influence on physical,
chemical, and mechanical properties [1,2]. Since understanding such a mechanism is a pivotal issue for
fundamental science and applications, a considerable amount of effort has been devoted to studying
how small additions alter the physical and chemical properties of materials in the viewpoint of
structure [3–5], thermodynamics [6,7], and kinetics [8,9]. For example, small additions of Pd [10–12],
Al [4], and Nb [3,13] to matrix alloys facilitate the formation of icosahedral short range order (ISRO)
or icosahedral medium range order (IMRO) clusters in their liquid, which yields the enhanced glass
forming or quasicrystal forming ability of the materials with a larger critical thickness and slower
critical cooling rates [14–16]. Since the icosahedral ordering is incompatible with the well-defined
long-range periodic order that characterizes crystals, the prevalence of those orderings in liquids
can increase the nucleation barrier for crystal formation (i.e., improving glass forming ability (GFA)),
but lower it for quasicrystal formation. This is also true even in the case of simple binary Cu-Zr
alloys. That is, minute compositional change strongly impacts the GFA by changing the number of
ISRO or IMRO in the liquid [17–20]. As for another example, Ag addition significantly affects glass
forming [21–25] and quasicrystal forming abilities [7,26,27]. Recently, we showed that a small Ag
addition to the Ti-Zr-Ni alloy significantly reduces the crystal–liquid interfacial free energy and this
is attributed to the formation of IMRO by pairing with Zr atoms in the liquid, based on electrostatic
levitation experiments and ab-initio molecular dynamic (MD) simulation [7].
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In the present work, we investigate the effects of Ag addition on the thermal stability and
thermophysical properties of Ti-Zr-Ni quasicrystals using electrostatic levitation (ESL), differential
scanning calorimetry (DSC), and X-ray diffraction (XRD). A composition of Ti35.2Zr43.8Ni21 was selected,
which exhibits single i-phase in the as-cast condition, and upon cooling and heating, thermal stability
and formability of the i-phase were investigated as a function of Ag concentration. We here find that
Ag addition improves the thermal stability and formation of Ti35.2Zr43.8Ni21 quasicrystals. Density
and viscosity measurements are carried out to investigate the effect of Ag addition on thermophysical
properties of Ti35.2Zr43.8Ni21 liquid.

2. Materials and Methods

Ti-Zr-Ni-Ag alloys (Ti 99.995%, Zr 99.95%, Ni 99.995%, Ag 99.99%, Alfa Aesar, Haverhill, MA, USA)
were prepared by arc-melting under a high-purity Ar (99.9999%) atmosphere. A zirconium sphere as
an oxygen getter was used to reduce remaining oxygen in the arc-melting chamber prior to melting of
the samples. Mass loss of the samples was less than 0.2% of the initial mass after arc-melting. Structural
and thermal characterizations of the alloys were performed by XRD (smartLAB, Rigaku, Tokyo, Japan),
using CuKα1 radiation (λ = 1.5402 Å) and DSC (Labsys evo, Setaram, Lyon, France), respectively.
For XRD analysis, the instrumental line broadening was evaluated using a standard reference material
of lanthanum hexaboride (LaB6, No.: SRM660c produced by NIST, Gaithersburg, MD, USA) and the
corresponding instrumental width was subtracted from the width of the XRD peaks. Undercooling
and crystallization behaviors of the alloys were studied using the ESL apparatus at the Korea Research
Institute of Standards and Science (KRISS) [28]. The samples (approximately 40 ± 3 mg) were levitated
between two electrodes and melted by two CO2 lasers (a 50 W laser and a 100 W laser/Universal)
under ultra-high vacuum (UHV) conditions of ~10−7 Torr. The temperature of samples was monitored
with three infrared pyrometers with Si (0.9 µm/CHINO, Tokyo, Japan) and InGaAs (1.55 µm/CHINO
and 1.6 µm/Sensortherm, Sulzbach, Germany) detectors. After multiple thermal cycles of samples in
the ESL, the mass loss was 1.5% lower than the initial mass due to evaporation at high temperatures.
An ultraviolet (UV) imaging method was used to calculate the volume of levitated samples for density
evaluation of the alloy liquids [29,30]. For volume calibration, a tungsten-carbide sphere (a diameter of
2.2 mm/Industrial Tectonis Inc) was used to obtain a pixel-to-meter conversion factor. Viscosity of the
alloy liquids was measured with the oscillation droplet method [20]. For the statistic of experimental
results, the XRD and ESL experiments were conducted three to five times at each composition and
2 times for the DSC experiment. Details of the ESL capability and measurement uncertainty are well
described in our previous works [28,30,31].

3. Results and Discussion

Figure 1a shows the XRD patterns of as-cast (Ti35.2Zr43.8Ni21)100−xAgx (0 ≤ x ≤ 6 at.%) alloys.
Since the discovery of the as-cast Ti-Zr-Ni quasicrystal [32], single i-phase has been found in the
wide composition range of Ti33-45Zr46-34Ni21, based on XRD and back-scattered scanning electron
microscope (SEM) observations [32–34]. Thus, the diffraction peaks of Ti35.2Zr43.8Ni21 are indexed by
the i-phase in Figure 1a and the calculated quasi-lattice constant is 5.220 ± 0.005 Å. The crystallinity of
the i-phase increases up to 4 at.% Ag addition. For the 4.5 at.% Ag addition, the i-phase is destabilized
with broadened peak widths, and C14 Laves phase (HCP, a = 5.276 Å, c = 8.645 Å, c/a = 1.639) appears
as a minority on the XRD profile. Figure 1b shows the full width at half maximum (FWHM) calculated
from the (100000) reflection as a function of Ag concentration. From the FWHM, the coherence length
is estimated to be 43.9 nm at 4.5 at.% Ag addition, by using the Scherrer’s equation [35]. This value
is about 67% larger than that of the i-phase with no Ag addition and the effect is slightly better than
that of Pd addition on the Ti41.5Zr41.5Ni17 alloy, which increases the coherence length of the i-phase by
65% [11].
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of the C14 Laves and β(Ti/Zr) phases, based on the Ti-Zr-Ni phase diagram [33,34]. The temperature 
(Tx) for the i-phase decomposition varies significantly with Ag concentration, while minute change 
for the solidus (Ts) and liquidus (Tl) temperatures is observed. It implies that the Ag addition affects 
the thermal stability of the crystal phase of Ti35.2Zr43.8Ni21, but not that of the liquid phase, 
significantly. The highest Tx is shown at 3 at.% Ag addition, which differs from the behavior of the 
FWHM of the i-phase in Figure 1b. The values of Tx are tabulated in Table 1. 

 

 
Figure 1. (a) XRD patterns of as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys. The i-phase and C14 Laves phase 
were marked by red diamonds (◆) and blue triangles (▼), respectively. (b) FWHM of the i-phase as 
a function of Ag concentration, which was calculated from the (100000) reflection. Errors indicate the 
standard deviation. 
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Figure 1. (a) XRD patterns of as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys. The i-phase and C14 Laves
phase were marked by red diamonds (u) and blue triangles (H), respectively. (b) FWHM of the i-phase
as a function of Ag concentration, which was calculated from the (100000) reflection. Errors indicate
the standard deviation.

We investigate the effect of Ag addition on the thermal stability of the Ti35.2Zr43.8Ni21 alloy using
DSC. Figure 2 shows the DSC curves of as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys. All the curves exhibit
two endothermic reactions. For the alloy with no Ag addition, the first endothermic event at 936 K
indicates that the i-phase transforms into a mixture of the C14 Laves and β(Ti/Zr, BCC) phases upon
heating, which means that the i-phase is stable only at low temperatures, as reported in the previous
study [36]. The second endothermic event at 1070 K corresponds to melting (Ts) of the mixture phase
of the C14 Laves and β(Ti/Zr) phases, based on the Ti-Zr-Ni phase diagram [33,34]. The temperature
(Tx) for the i-phase decomposition varies significantly with Ag concentration, while minute change for
the solidus (Ts) and liquidus (Tl) temperatures is observed. It implies that the Ag addition affects the
thermal stability of the crystal phase of Ti35.2Zr43.8Ni21, but not that of the liquid phase, significantly.
The highest Tx is shown at 3 at.% Ag addition, which differs from the behavior of the FWHM of the
i-phase in Figure 1b. The values of Tx are tabulated in Table 1.
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Figure 2. DSC scans of as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys upon heating with a rate of 10 K/min. A 
peak temperature on the first crystallization and solidus and liquidus temperatures were marked by 
Tx, Ts, and Tl, respectively. 

Table 1. Peak temperatures (Tx) on the first endothermic event. The measurement was conducted 2 
times and then the temperature difference is less than 2 K at each composition. 

at.% Ag 0 2 3 4 5 6 
Tx (K) 936 971 992 967 963 960 

In order to further investigate the thermal stability of the i-phase, we conducted annealing 
experiments of the as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys in DSC. All the samples were heated up to 
936 K in the DSC experiment to compare the phase transformation kinetics with Ag concentration. 
Figure 3 shows XRD patterns of the annealed samples cooled to room temperature. For the sample 
with no Ag addition, the i-phase is completely decomposed into the C14 Laves (a = 5.231 Å, c = 8.558 
Å, c/a = 1.636) and α(Ti/Zr, HCP) solid solution (a = 3.141 Å, c = 4.989 Å, c/a = 1.588, HCP) phases with 
a small fraction of (Zr/Ti)2Ni (tetragonal) phase. However, for the sample with 2 at.% Ag addition, 
the i-phase remains as a primary phase with a smaller fraction of the C14 Laves phase. A similar 
behavior is found in the sample with 3 at.% Ag addition. The sample with 4 at.% Ag addition exhibits 
a larger fraction of the C14 Laves and α(Ti/Zr) phases and a smaller fraction of the i-phase. 
Accordingly, it could be concluded that small Ag addition enhances the thermal stability of the i-
phase of as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys up to 3 at.% Ag addition. 
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Figure 2. DSC scans of as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys upon heating with a rate of 10 K/min.
A peak temperature on the first crystallization and solidus and liquidus temperatures were marked by
Tx, Ts, and Tl, respectively.

Table 1. Peak temperatures (Tx) on the first endothermic event. The measurement was conducted
2 times and then the temperature difference is less than 2 K at each composition.

at.% Ag 0 2 3 4 5 6

Tx (K) 936 971 992 967 963 960

In order to further investigate the thermal stability of the i-phase, we conducted annealing
experiments of the as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys in DSC. All the samples were heated up to
936 K in the DSC experiment to compare the phase transformation kinetics with Ag concentration.
Figure 3 shows XRD patterns of the annealed samples cooled to room temperature. For the sample
with no Ag addition, the i-phase is completely decomposed into the C14 Laves (a = 5.231 Å, c = 8.558 Å,
c/a = 1.636) and α(Ti/Zr, HCP) solid solution (a = 3.141 Å, c = 4.989 Å, c/a = 1.588, HCP) phases with
a small fraction of (Zr/Ti)2Ni (tetragonal) phase. However, for the sample with 2 at.% Ag addition,
the i-phase remains as a primary phase with a smaller fraction of the C14 Laves phase. A similar
behavior is found in the sample with 3 at.% Ag addition. The sample with 4 at.% Ag addition exhibits
a larger fraction of the C14 Laves and α(Ti/Zr) phases and a smaller fraction of the i-phase. Accordingly,
it could be concluded that small Ag addition enhances the thermal stability of the i-phase of as-cast
(Ti35.2Zr43.8Ni21)100−xAgx alloys up to 3 at.% Ag addition.
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Figure 3. XRD patterns of as-cast (Ti35.2Zr43.8Ni21)100−xAgx alloys cooled after heating up to 936 K in
the DSC experiment, which were measured at room temperature. The i-phase, C14 Laves, α(Ti/Zr), and
(Zr/Ti)2Ni phases were marked by diamonds (u), triangles (H), circles (•), and stars (F), respectively.
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It has been reported that the Ti-Zr-Ni i-phase to crystalline phase transition is suppressed at
high cooling rates in ESL [34]. In order to investigate the effect of Ag addition on the kinetics of
the phase transition of Ti35.2Zr43.8Ni21 upon cooling in ESL, therefore, we conducted undercooling
experiments. Figure 4a shows the cooling curves of (Ti35.2Zr43.8Ni21)100−xAgx alloy liquids in the ESL.
Since heterogeneous nucleation sites are minimized under the containerless condition, the liquids are
easily supercooled below their respective liquidus temperatures Tl, when the heating laser is turned
off. At the deeper supercooling, the liquid solidifies to a crystal phase showing a recalescence, i.e.,
a steep temperature rise by rapid release of latent heat on crystallization, which is identified with
the i-phase [37]. A following subsequent temperature rise indicates that the i-phase decomposes into
a mixture of the C14 Laves and β(Ti/Zr) phases, based on previous studies [33,34,36]. The β-phase
transforms into α(Ti/Zr) phase during cooling, which corresponds to a slope change of the cooling curve
near 800 K (arrows in Figure 4a) [34,38]. This solidification behavior varies with the addition of Ag.
The step recalescence and the slope change become weaker as the Ag concentration increases, and above
4 at.% Ag addition, we observe a single recalescence event. In addition, during the post-recalescence
the plateau temperature decreases as the Ag concentration increases and is minimized at 4 at.% Ag
addition. Note that the recalescence occurs in the temperature range of the C14 Laves and β-phases,
as shown in the DSC scans (Figure 2). In other words, the i-phase formed from the liquid is metastable
in this temperature range. Accordingly, these behaviors imply that the Ag addition facilitates the
formation of the metastable i-phase and also suppresses the formation of the mixture phase on cooling.

The improved formability of the i-phase is confirmed with XRD measurements of the samples
processed in the ESL, as shown in Figure 4b; while no i-phase remains in the sample with no Ag
addition, the sample with 4.5 at.% Ag addition still contains i-phase that is about 20% of the volume
fraction. More than this concentration, the volume fraction of i-phase decreases again in the samples.
Note that the correlation between the stability of the i-phase and Ag concentration is slightly different
on cooling (Figure 4) and heating (Figures 2 and 3). This may be due to a different kinetic effect on the
phase transformation or a different cooling-rate dependence on the thermal stability of the i-phase,
C14 Laves, and β-phases in Ti35.2Zr43.8Ni21. We reported that upon solidification of the Ti37Zr42Ni21

liquid, the cooling rate to suppress the i-phase to crystalline phase transformation should be higher than
100 K/s [34]. The i-phase of Ti-Zr-Ni alloys could not survive by radiational cooling in ESL [33,34,37].
In this ESL experiment, the presented cooling rate is approximately 10 K/s, as shown in Figure 4a,
and thus this demonstrates that the Ag addition effectively stabilizes the i-phase upon solidification of
Ti35.2Zr43.8Ni21 liquid.
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Figure 4. (a) Temperature-time profiles of (Ti35.2Zr43.8Ni21)100−xAgx alloy liquids in the ESL experiment.
(b) XRD patterns of (Ti35.2Zr43.8Ni21)100−xAgx alloys processed by ESL. The i-phase, C14 Laves,
and α(Ti/Zr) phases were marked by diamonds (u), triangles (H), and circles (•), respectively.

We further investigate the effect of Ag addition from thermophysical properties of
Ti35.2Zr43.8Ni21 liquid. Figure 5 shows the viscosity, density, and thermal expansion coefficient of
(Ti35.2Zr43.8Ni21)100−xAgx alloy liquids. The thermal expansion coefficient αT (= V−1 dV/dT, V = sample
volume) was calculated from the measured volume-temperature data. The result of the viscosity
measurement shows no significant dependence of Ag concentration in the stable and supercooled
regions and the results are similar with that of a Ti39.5Zr39.5Ni21 liquid [39] (Figure 5a). The density
increases linearly with Ag concentration at their respective Tl due to the higher density of Ag than that
of the matrix material [40]. The thermal expansion coefficient also increases linearly as a function of
Ag concentration (Figure 5b). A similar behavior was also found in Zr-Hf and Zr-Ti alloy liquids [41];
both the density and thermal expansion exhibit a linear or a non-linear change with the concentration
of Hf or Ti. This implies that the interatomic interactions in the Ti35.2Zr43.8Ni21 liquid vary linearly
with Ag concentration and affect both the density and thermal expansion in terms of extended ISRO
or IMRO, as expected in our previous work [7]. This evaluation requires further studies in a wider
composition range of Ag concentration.
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Figure 5. (a) Viscosity of (Ti35.2Zr43.8Ni21)100−xAgx alloy liquids as a function of temperature. (b) Density
(left) and thermal expansion coefficient αT (right) of (Ti35.2Zr43.8Ni21)100−xAgx alloy liquids as a function
of Ag concentration at their respective Tl.

4. Conclusions

In summary, we have studied the effect of Ag addition on the formation and thermal stability of
Ti35.2Zr43.8Ni21 icosahedral quasicrystals using DSC, XRD, and ESL. The small Ag addition increases
the coherence length and thermal stability of the i-phase upon heating and suppresses the i-phase
decomposition on cooling. We find that the i-phase remains in the ESL-processed samples on radiational
cooling, as the Ag concentration increases, indicating the effective stabilization of the i-phase of the
Ti35.2Zr43.8Ni21 alloy with Ag addition. The density and thermal expansion coefficient of Ti35.2Zr43.8Ni21

liquid increases as a function of Ag concentration, but no significant change in the liquid viscosity.
The present results show that the addition of Ag indeed carries significant effect on the stability of the
Ti35.2Zr43.8Ni21 quasicrystals.
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